Introduction
Spinal cord injuries result in complete or partial loss of sensation and/or mobility and affect the quality of life of patients [1] [2] [3] [4] [5] . Severe spinal cord injury often causes paralysis and loss of sensation and reflex function below the site of injury, as well as impairing autonomic activity, such as breathing, and other functions, such as bowel and bladder control. Stem cell therapy has considerable therapeutic potential in spinal cord injury [6] [7] . A recent study has shown that canine bone marrow mesenchymal stem cells exhibit various features in vitro that make them suitable for spinal cord reconstruction, such as their ability to proliferate as undifferentiated spheres, and under appropriate stimuli, to differentiate into neurons, astrocytes and oligodendrocytes. Because these cells can form neurosphere-like clumps and differentiate into neuron-like cells expressing neuronal markers [8] [9] , they hold great potential for nerve repair. However, mesenchymal stem cell transplantation alone is not sufficient for spinal cord repair because the majority of the mesenchymal stem cells engrafted into the spinal cord phenotypically differentiate into glial lineages and rarely survive [10] . The microenvironment of the injured spinal cord is thought to play a crucial role in the differentiation and survival of engrafted mesenchymal stem cells [11] . The neurite growth inhibition mediated by the Nogo-66 receptor [12] is a major factor affecting the efficacy of mesenchymal stem cell transplantation. In this study, we used RNA interference to silence Nogo-66 receptor gene expression in mesenchymal stem cells. Our findings demonstrate the effectiveness of this strategy for enhancing mesenchymal stem cell transplantation for spinal cord injury.
breakage, scars, and structural disorder were visible at the affected site in the model group, and a cavity was clearly visible (Figure 2A ). In the bone marrow mesenchymal stem cell group, astrocytes aggregated at the edge of the affected site and formed scars at the junction of the intact and damaged spinal cord. The cavity was smaller than in the model group, but larger than in the Nogo-66 receptor gene silencing group ( Figure 2B ). In the Nogo-66 receptor gene silencing group, astrocytes exhibited reactive hypertrophy, aggregated and formed scars at the edge of the affected site. Some cells were spindle-shaped, forming a dense network with their processes, but the cavity disappeared ( Figure 2C ). Immunohistochemical staining showed that the number of BrdU-positive cells increased in rats transplanted with Nogo-66 receptor-silenced bone marrow mesenchymal stem cells (Figure 3 ), indicating improved survival of the transplanted bone marrow mesenchymal stem cells at the site of injury.
Transplantation of Nogo-66 receptor-silenced bone marrow mesenchymal stem cells promoted the growth of nerve fibers after spinal cord injury By horseradish peroxidase retrograde nerve tracing, only a few horseradish peroxidase-positive nerve fibers were visible at the T 8 and higher segments in the model group ( Figure  4A ). The number of horseradish peroxidase-positive nerve fibers in the bone marrow mesenchymal stem cell group was less than in the Nogo-66 receptor gene silencing group, but more than in the model group ( Figure 4B ). The Nogo-66 receptor gene silencing group showed a large number of horseradish peroxidase-positive nerve fibers in the spinal cord ( Figure 4C ). The number of horseradish peroxidase-positive nerve fiber bundles is shown in Figure 4D , demonstrating significant differences among the three groups at 8 weeks post-injury (P < 0.01).
Effects of Nogo-66 receptor-silenced bone marrow mesenchymal stem cell transplantation on tissue ultrastructure in the injured spinal cord Transmission electron microscopy showed glial scarring and a small number of myelinated nerve fibers, macrophage phagocytosis, degeneration and necrotic myelinated nerve fibers in the model group ( Figure 5A ). Massive myelinated nerve fibers and non-myelinated nerve fibers could be seen in the Nogo-66 receptor gene silencing group, with more axons and intact myelin ( Figure 5B ). The numbers of myelinated nerve fibers and non-myelinated nerve fibers at the injury site in the bone marrow mesenchymal stem cell group were greater than in the model group, but less than in the Nogo-66 receptor gene silencing group ( Figure 5C ).
Nogo-66 receptor-silenced bone marrow mesenchymal stem cell transplantation improved behavioral performance in rats with spinal cord injury Neurological function After injury, rats manifested paraplegia, no activity of the hind limb or tail, and urinary dysfunction, but without defecatory dysfunction. Hind limb movement recovered at 2 and 4 weeks postinjury and became more coordinated at 6 weeks, and urinary function was partially restored, but residual urine was still visible in the bladder. The three groups exhibited similar changes after injury. Basso, Beattie and Bresnahan scores in the bone marrow mesenchymal stem cell and Nogo-66 receptor gene silencing groups were higher than in the model group. Moreover, Basso, Beattie and Bresnahan scores were higher in the Nogo-66 receptor gene silencing group than in the bone marrow mesenchymal stem cell group (P < 0.01, P < 0.05; Figure 6A ).
Inclined plate test
At 4 weeks post-injury, scores in the inclined plate test were higher in the bone marrow mesenchymal stem cell and Nogo-66 receptor gene silencing groups than in the model group. Moreover, scores in the inclined plate test were higher in the Nogo-66 receptor gene silencing group than in the bone marrow mesenchymal stem cell group (P < 0.01, P < 0.05; Figure 6B ).
Nogo-66 receptor-silenced bone marrow mesenchymal stem cell transplantation reduced mortality in rats with spinal cord injury At 8 weeks after injury, mortality was substantially lower in the bone marrow mesenchymal stem cell and Nogo-66 receptor gene silencing groups than in the model group (P < 0.05). Mortality was lower in the Nogo-66 receptor gene silencing group than in the bone marrow mesenchymal stem cell group (P < 0.05; Figure 6C ).
Discussion
With the continued increase in vehicle use, the incidence of spinal cord injury has risen in tandem. Spinal cord injury has become one of the main causes of morbidity and mortality. Current treatment methods including surgery, medication and physiotherapy have limited efficacy [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In recent years, mesenchymal stem cell transplantation for the treatment of neurological diseases has shown considerable therapeutic potential [30] [31] [32] . Mesenchymal stem cells have many advantages, including easy collection, advanced methods for separation, culture, amplification and exogenous gene transfection, feasibility of autologous implantation following in vitro amplification or genetic modification, low risk of immune rejection, and fewer ethical considerations. Mesenchymal stem cell transplantation has been shown in a variety of experimental studies to be able to treat nervous system injury. The mechanisms of action are complex. Mesenchymal stem cells show a high expansion potential, genetic stability, and stable phenotype, they can be easily collected and shipped from the laboratory to the bedside, and they are compatible with different delivery methods and formulations [33] . In addition, mesenchymal stem cells have two other extraordinary characteristics; they are able to migrate to sites of tissue injury and have strong immunosuppressive properties that can be exploited for successful autologous as well as heterologous transplantation without requiring pharmacological immunosuppression [34] [35] . Furthermore, mesenchymal stem cells are capable of differentiating into neurons and astrocytes in vitro and in vivo [36] . Recently, mesenchymal stem cell injection has shown promise for amyotrophic lateral sclerosis treatment in humans [37] . They are able to improve neurological deficits and promote the restoration of functional synaptic transmission when transplanted into animal models of neurological disorders [38] . Mesenchymal stem cells have been observed to migrate to the injured tissues and mediate functional recovery following brain, spinal cord and peripheral nerve lesions. However, bone marrow mesenchymal stem cell transplantation alone is not sufficient for spinal cord repair, because the majority of the mesenchymal stem cells implanted into the spinal cord have been shown to differentiate into a phenotype that is restricted to glial lineages and they rarely survive. The microenvironment of the injured spinal cord is believed to play a crucial role in inducing the differentiation and survival of the grafted mesenchymal stem cells.
Growth inhibitory factors associated with the myelin sheath limiting axonal regeneration are a major impediment to adult mammalian regeneration in the central nervous system. A variety of factors isolated from central nervous system myelin have been shown to inhibit nerve regeneration, including the protein Nogo, one of the most important growth inhibitory factors. Guo et al. [39] reported that Nogo protein gene expression was elevated after central nervous system injury in rats. Jiang et al. [40] showed that Nogo protein, Nogo-66 receptor and RhoA expression in the brain tissues of rats with focal cerebral infarction began to increase at 6 hours, reached its peak at 24 hours, and lowered back to normal levels at 96 hours. Nogo protein may lead to growth cone collapse and inhibit neurite extension. The Nogo monoclonal antibody can neutralize the inhibitory activity of the protein. In vitro cultured oligodendrocytes also exhibit an inhibitory effect on axonal extension. Similarly, Yang et al. [41] showed that Nogo neutralizing anti-body could promote recovery in rats with spinal cord injury. The inhibitory effect of Nogo protein is mediated by the No-go-66 receptor [42] [43] [44] [45] [46] [47] .
may lead to unexpected consequences. RNAi is a very convenient and effective method of gene silencing, which is usually maintained for 3-5 days. This method is ideal for our study because high Nogo-66 receptor expression is observed following traumatic brain injury [41, 48] .
To avoid the drawbacks of permanent gene silencing, RNAi silencing combined with mesenchymal stem cell transplantation is the most promising treatment strategy for spinal cord injury.
Recent in vivo and in vitro studies in non-neuronal and neuronal tissues have shown that different pathways of macrophage activation result in cells with different properties. Interleukin-6 triggers the classically activated inflammatory macrophages (M1 phenotype), whereas the alternatively activated macrophages (M2 phenotype) are anti-inflammatory. In this study, mesenchymal stem cells were subjected to Nogo-66 receptor gene silencing before transplantation, which may result in better repair of the damaged brain tissue, and promote mesenchymal stem cell proliferation and differentiation in the grafted area after injury. Our results showed that mesenchymal stem cell transplantation, after Nogo-66 receptor gene silencing, is greatly superior to simple mesenchymal stem cell transplantation in the treatment of spinal cord injury in rats, in terms of histological and functional outcomes. Tissue repair was better in the Nogo-66 receptor gene silencing group compared with the model and bone marrow mesenchymal stem cell groups. Immunohistochemical staining demonstrated a significant difference in the number of BrdU-positive cells and horseradish peroxidase-positive nerve fibers at the site of spinal cord injury, as follows: Nogo-66 receptor gene silencing group > bone marrow mesenchymal stem cell group > model group.
In summary, the Nogo-66 receptor gene in mesenchymal stem cells can be silenced using the RNAi approach. The mesenchymal stem cells can be transplanted into the site of spinal cord injury via the tail vein. The transplanted mesenchymal stem cells better survive, proliferate, differentiate and migrate at the site of injury, and promote the recovery of nerve function after spinal cord injury. Our findings provide support for the use of this novel approach for the clinical treatment of spinal cord injury.
Materials and Methods

Design
A randomized, controlled, animal experiment.
Time and setting
This experiment was performed at Hebei Medical University in China from May 2010 to May 2011.
Materials
Sixty-four clean, healthy Wistar rats of both genders, aged 2 months and weighing 250-300 g, were purchased from the Chinese Academy of Medical Sciences Animal Laboratory (license No. SCXK20060008). All experimental procedures were performed in accordance with Chinese National Natural Science Foundation animal research regulations and the animal care guidelines of the National Institutes of Health.
Methods
Bone marrow mesenchymal stem cell isolation and culture
Bone marrow was harvested aseptically from the tibias of rats at the age of approximately 2 months. Nucleated cells were isolated by density gradient centrifugation using Percoll (1.073 g/mL) and were plated in growth medium consisting of Dulbecco's modified Eagle's medium/F12 (Hyclone, Logan, UT, USA) supplemented with 20% fetal bovine serum (Sigma, St. Louis, MO, USA) and benzylpenicillin (1 × 10 5 U/mL) [10, 49] . The mesenchymal stem cells were isolated in the medium by their tendency to adhere to plastic [50] [51] [52] . After 3 days, the dishes were washed twice with PBS to remove nonadherent cells. The remaining cells were fed every third day. Nonadherent cells were removed and adherent cells were expanded until subconfluence and processed through sequential passages. Most contaminating hematopoietic stem cells were progressively lost, and after the second passage, cultures contained a morphologically homogenous cell population designated bone marrow mesenchymal stem cells. This was confirmed by fluorescence-activated cell-sorting analysis showing a lack of expression of the typical hematopoietic cell surface markers, including CD45, CD34 and CD14, and positivity for CD71, CD105 and CD44. Cells between passages 3 and 6 were used for our experiments. They were labeled using medium containing BrdU [10, 52] .
RNAi-transfected Nogo-66 receptor-silenced bone marrow mesenchymal stem cells
The two target sequences of the rat Nogo-66 receptor mRNA were as follows: 5′-UGC AGU ACC UCU ACC UAC AAG ACA A-3′, 5′-UUG UCU UGU AGG UAG AGG UAC UGC A-3′. The siRNA template was synthesized by Shanghai Sangon Biological Engineering Technology and Service Co., Ltd. in Shanghai, China. According to the in vitro transcription kit (Silencer TM siRNA Construction Kit, Ambion) instructions, 1 mL of culture medium containing 1 × 10 9 mesenchymal stem cells was added into a centrifuge tube and centrifuged at 800 r/min (radius = 16 cm) for 5 minutes. After discarding the supernatant, 900 μL culture medium without antibiotics was added, and cells were resuspended. Fifty pmol siRNA was diluted with 50 μL Opti-MEM, and 1 μL Lipofectamine 2000 was diluted with 50 μL Opti-MEM, mixed and incubated at room temperature for 15 minutes. The two solutions were then gently mixed and incubated for 15 minutes at room temperature. The mixture was added into the mesenchymal stem cell suspension, placed at 37°C in a 5% CO 2 saturated humidity incubator, and 72 hours later, Nogo-66 receptor expression was assessed.
We isolated total RNA from the injured spinal cord (4 mm long) using the RNeasy Kit (Qiagen), and obtained cDNA using reverse transcription. Primers were as follows: Nogo-66 receptor sense, 5′-GGG CAA CCT CAC GCG CAT CT-3′ and anti-sense, 5′-CGG GCA AAG TCC CAA AT-3′; β-actin sense, 5′-GTC CCT GTA TGC CTC TGG TC-3′ and anti-sense, 5′-GGT CTT TAC GGA TGT CAA CG-3′. All primers were synthesized by Sangon. The β-actin gene was amplified for 24 cycles, and the others were amplified for 28 cycles. The reverse transcription-PCR product was subjected to 1.3% agarose gel electrophoresis and processed with a gel imaging system (Beijing Seclaser Technology Co., Ltd., Beijing, China), and the ratio of Nogo-66 receptor absorbance to β-actin absorbance was used as an index of Nogo-66 receptor mRNA expression level.
Western blot assay for detecting the effectiveness of Nogo-66 receptor transfection
The undifferentiated mesenchymal stem cell suspension in the control group and the mesenchymal stem cell suspension at 72 hours after siRNA transfection were centrifuged at 800 r/min (radius = 16 cm) for 5 minutes. The cells were collected. Supernatant was discarded. Four hundred μL protein extraction solution was added, and proteins were extracted. Protein concentration was determined using the Bradford method. The samples were subjected to SDS-PAGE, blotted onto a membrane, and incubated with rabbit anti-mouse Nogo-66 receptor gene antibody (1:800; Sigma) at 37°C on a shaker for 2 hours. The membrane was washed with Tris-buffered saline containing Tween-20 for 5 minutes (four times). The blots were incubated with goat anti-rabbit antibody (1:700; Sigma) at 37°C for 1.5 hours, washed with Tris-buffered saline containing Tween-20 for 5 minutes (four times), and reacted with 3,3′-diaminobenzidine. The experiment was repeated three times. Quantity one image (BioRad, Hercules, CA, USA) analysis was conducted. The absorbance value ratios of the target and β-actin bands were assessed and expressed as protein expression levels.
Preparation of animal models of spinal cord injury
Sixty-three adult Wistar rats were anesthetized with a 4% chloral hydrate solution (360 mg/kg intraperitoneally). Body temperature was monitored and maintained using a thermal blanket. Using the aseptic surgical technique, a dorsal incision was made from the middle to lower thoracic regions. Using a microscope, T 9-10 laminectomy was performed, and the spinal cord was exposed. The spinal cord was transected at the level of T 9-10 , leaving a 2-mm gap between the proximal and distal ends of the resected cord [20] .
Transplantation of mesenchymal stem cells
Sixty-three model rats were equally and randomly divided into three groups. Six hours after injury, bone marrow mesenchymal stem cells pre-labeled with bromodeoxyuridine were transplanted via tail vein. The model group was injected with 1 mL of stem cell-free culture medium. The bone marrow mesenchymal stem cell group was injected with 1 mL of bone marrow mesenchymal stem cells (5 × 10 9 /L). The Nogo-66 receptor gene silencing group was injected with 1 mL (5 × 10 9 /L) Nogo-66 receptor gene-silenced bone marrow mesenchymal stem cells. Intraperitoneal injection of gentamicin 2,000 U served as antibiotic treatment. Rats were fed in separate cages.
Histological examination
At 4 weeks after injury, the rats were randomly selected from each group and killed under anesthesia. Specimens were harvested for histological examination to determine the degree of recovery. The dissected spinal cord tissues were postfixed for 3 hours in 4% paraformaldehyde, soaked overnight in 10% followed by 30% sucrose, and cut into 15-mm-thick sagittal and parasagittal sections using a cryostat. Hematoxylin-eosin staining was carried out for general histological examination.
Immunocytochemistry for BrdU expression in cells
Four weeks after operation, two rats were randomly taken from each group. Immunocytochemistry for the detection of BrdU requires a pretreatment of tissue sections to denature DNA. All staining was done on free-floating 40-μm sections. A mouseanti-BrdU monoclonal antibody (1:100; Boehringer Mannheim, Ingelheim am Rhein, Germany) was used in combination with avidin biotin complex and a horse anti-mouse IgG antibody conjugated with biotin (1:167; Vector Laboratories, Burlingame, CA, USA). Primary and secondary antibodies were incubated at 37°C. Ten fields were randomly selected from each slice under the light microscope at a magnification of × 200 (Sigma). The number of BrdU-positive cells was calculated in each field of vision, and the mean value was obtained.
Retrograde tracing with horseradish peroxidase
Eight weeks after operation, two rats were randomly taken from each group. After surgery, the spinal cord was exposed at T 12 and 1 μL aqueous suspension of 30% horseradish peroxidase (Sigma) was injected bilaterally 1 mm into the spinal dorsal vein. After injection, the incision was closed, and the animals were maintained for 36 hours before being perfused with buffered 1% paraformaldehyde and 1.25% glutaraldehyde. The spinal cord was removed and stored in 20% sucrose in 0.1 mol/L PBS at 4°C overnight. The spinal cord was dissected, and 10 fields were randomly selected from each slice under the light microscope at × 200. The number of horseradish peroxidase-la-beled nerve fibers was calculated in each field, and the mean value was obtained.
Electron microscopy
Eight weeks after operation, two rats were randomly selected from those subjected to labeling from each group, and perfused intracardially with saline [17] [18] [19] [20] , followed by 2% glutaraldehyde and 4% paraformaldehyde in 0.1 mol/L sodium cacodylate buffer, pH 7.4. Immediately after perfusion, the spinal cords were removed and postfixed in the same fixative overnight at 4°C. The spinal cord segment at the injury site was sliced into 1-mm pieces, postfixed for 2 hours in 1% OsO 4 in 0.1 mol/L cacodylate buffer, dehydrated in graded ethanol solutions, and embedded in Epon-812. Semi-thin plastic sections (1 µm) were cut and stained with 1% toluidine blue before examination with a Nikon Eclipse TE300 microscope equipped with a Spot RT Color CCD camera. For electron microscopy, blocks were trimmed and sections were cut at 100-nm thickness, mounted on copper grids, stained with uranyl acetate and lead citrate, and viewed with a JEOL Jem 1200 EX transmission electron microscope (JEOL Ltd., Tokyo, Japan).
Evaluation of functional recovery
Two types of functional tests were used to assess functional recovery. Each test was observed by two independent investigators. The test was performed at 1, 2, 4, 6 and 8 weeks post-operation.
Basso, Beattie and Bresnahan test: the open-field locomotion test assesses movement, weight support and coordination. It was scored using the standardized Basso, Beattie and Bresnahan locomotor scoring system. Basso, Beattie and Bresnahan scores range from 0 (flaccid paralysis) to 21 (normal gait). Rats were acclimated to the testing environment (90-cm diameter plastic wading pool; 4-cm height) prior to testing. Basso, Beattie and Bresnahan scores were averaged for each group.
Inclined plane test: this test evaluates the maximum angle on the inclined plane upon which each animal can maintain a stable position for 5 seconds. Rats were placed on a board that was incrementally raised to increasing angles [17] [18] [19] [20] . Angle scores were averaged for each group.
Mortality: the mortality of each group was evaluated at 8 weeks post-injury.
Statistical analysis
Data were expressed as mean ± SD, and analyzed using SPSS 17.0 software (SPSS, Chicago, IL, USA). Intergroup comparison was done using one-way analysis of variance. Paired comparison was done using Dunnett's t-test. A value of P < 0.05 was considered statistically significant. 
